mice. These data suggest that CPEB is not involved in the TPAP-mediated cytoplasmic polyadenylation. The null mutation of the TPAP gene does not affect the size or expression level of mRNAs encoding ovary-specific zona pellucida 1 (ZP1) and ZP2 (6) (fig. S3 ), verifying the testis-specific function of TPAP.
Westen blot analysis of cytoplasmic and nuclear protein extracts from testicular tissues revealed that the level of TAF10 was reduced only in the nuclear fraction of Tpap -/-testes, whereas TBP, TAF12, TAF13, and TRF2 (16 ) were equally present in the cytoplasmic or nuclear fractions of Tpap ϩ/ϩ and Tpap -/-testes (Fig. 3C ). The specific reduction of TAF10 was verified by immunoprecipitation analysis of the nuclear extracts with antibody to TBP (Fig. 3D ). These data demonstrate that TPAP affects the transport of at least TAF10 into the nucleus, possibly by additional polyadenylation-dependent translational activation of dormant mRNA encoding a transporter protein or possibly by TPAP itself. Moreover, the poly(A) tails of TAF10, TAF12, and TAF13 mRNAs are unlikely to contribute to stability and translational control, because the levels of these three mRNAs and cytoplasmic proteins in Tpap -/-testes are comparable to those in Tpap ϩ/ϩ testes, despite the incomplete elongation of poly(A) tails (Fig. 3 , A and C).
Several TAFs, including TAF10, as a component of the TFIID complex have been demonstrated to be dispensable for general RNA polymerase II-mediated transcription and to be essential for selective expression of specific genes (14, 18 -22) . Because the TFIID complex containing TAF10 is severely impaired in Tpap -/-testes by insufficient transport of TAF10 into the nucleus (Fig. 3, C and D) , it is conceivable that TAF10 may play an important role in the expression of a subset of haploidspecific genes, possibly as a CREM coactivator (23) , required for the morphogenetic program during spermatogenesis. However, a small amount of TAF10, which probably forms the functional TFIID complex, seems to be still present in the nucleus of round spermatids in Tpap -/-mice (Fig. 3 , C and D). Even if this is so, round spermatids appear to be incapable of producing enough mRNA to advance cell morphogenesis, because gene transcription (RNA synthesis) ceases around step-10 spermatids in the mouse (24) . Our study shows a direct link between the deficiency of a cytoplasmic poly(A) polymerase, TPAP, and the arrest of mouse spermiogenesis, providing information on the regulation of haploid-specific genes by cytoplasmic polyadenylation in male germ cells. Cysteine proteases of Plasmodium falciparum are required for survival of the malaria parasite, yet their specific cellular functions remain unclear. We used a chemical proteomic screen with a small-molecule probe to characterize the predominant cysteine proteases throughout the parasite life cycle. Only one protease, falcipain 1, was active during the invasive merozoite stage. Falcipain 1-specific inhibitors, identified by screening of chemical libraries, blocked parasite invasion of host erythrocytes, yet had no effect on normal parasite processes such as hemoglobin degradation. These results demonstrate a specific role for falcipain 1 in host cell invasion and establish a potential new target for antimalarial therapeutics.
Malaria is a devastating disease that affects 300 to 500 million people and kills about 2 million people per year. Currently, quinolines and antifolates are the most common drugs for disease prevention and cure. However, multidrug resistance is a major issue, highlighting the need for new antimalarial drugs to combat this parasite. Proteases represent one of the largest families of potential therapeutic targets, and cysteine proteases have been shown to be essential for the survival of several human parasites (1-3). Cysteine proteases have been specifically implicated in several cellular functions during the P. falciparum life cycle, including hemoglobin degradation (4-5), cleavage of red blood cell ankyrin to facilitate host cell rupture (6 ) , and the concomitant release of parasites from the parasitophorous vacuole (7 ) . Furthermore, cysteine proteases are important for host cell invasion by P. falciparum and other related parasites (8, 9) . However, the lack of a technically facile method to genetically manipulate the parasite has made functional analysis of key proteases difficult. P. falciparum has a complex life cycle involving two distinct sexual and asexual stages of growth. The human asexual erythrocytic phase (blood stage) is the cause of most malaria-associated pathology and therefore is the focus of this study. The blood stage begins when merozoites (initially released from the liver) invade red blood cells. Over the next 48 hours, internalized parasites differentiate (ring stage), metabolize hemoglobin (trophozoite stage), and replicate (schizont stage) to produce expanded populations of invasive merozoites that are released upon rupture of the host cell (10) . Merozoites have a limited life-span outside the host cell and must immediately find new cells to invade and start the cycle anew.
Initially, we used a functional proteomic method to identify and biochemically analyze all cysteine protease activity in extracts of P. falciparum (11) (12) (13) . Four protease activities were detected in whole-cell lysates from mixed blood stages of P. falciparum parasites with the radiolabeled cysteine protease probe 125 I-DCG-04 (Fig.  1A) . One protease activity was enriched in an NP-40 -insoluble pellet fraction, whereas the remaining protease activities remained soluble, suggesting distinct localization and/or biochemical properties of these enzymes.
The biotin affinity tag of DCG-04 afforded a single-step purification of all labeled proteins and their subsequent identification by mass spectrometry-based sequencing (Fig. 1B) . Each of the proteases identified was a member of the papain family of cysteine proteases. Human calpain 1 was isolated from the NP-40 -insoluble fraction but is not thought to play a functional role in P. falciparum (14 ) . It is unlikely that this protease was purified as a result of contamination by red blood cells, because red blood cells were lysed before isolation of proteases with the probe. The purified cathepsin C-like protease matched a sequence found in the P. falciparum genome database (locus IDMal12P1.457) (15) (16) (17) ; however, no biological function for this enzyme has been reported. Falcipains 2 and 3 were also isolated from the NP-40 -soluble extracts. These proteases reside in the food vacuole, where they play a critical role in hemoglobin degradation (4, 5) . The remaining, detergent-insoluble protease was identified as falcipain 1. Although falcipain 1 was the first cysteine protease gene cloned from the P. falciparum genome (18) , difficulties in recombinant expression (19) have prevented its detailed biochemical and functional characterization. Thus, falcipain 1 is an ideal target for in situ studies with pharmacological tools to perturb its function.
To gain insight into the functional roles of specific cysteine proteases, we used highly synchronized parasite populations to profile protease activities throughout the multiple developmental stages of the parasite. For each stage, extracts were generated at pH 5.5, although analysis of falcipain 1, 2, and 3 activity indicated a broad pH activity profile. Cysteine protease activity was determined by labeling both detergentsoluble and -insoluble lysates from each stage with 125 I-DCG-04 (Fig. 1C) . The activity profiles of falcipains 1, 2, and 3 indicated that regulation of these enzymes is highly divergent (Fig. 1D) . Falcipain 2 and 3 activities peaked at the trophozoite stage, which is consistent with previously reported protein levels and with a role for these enzymes in hemoglobin degradation (4, 5) . In contrast, falcipain 1 activity peaked during the merozoite stage and was the predominant protease activity in both the merozoite and the ring stages (Fig. 1D) . This activity profile differs from the reported expression of falcipain 1 mRNA only in ring-stage parasites. This difference can be explained by both translational and posttranslational mechanisms that control the maturation of falcipain 1 throughout the Homogenates were separated on a 15% polyacrylamide gel, and labeled polypeptides were visualized with a PhosphorImager (total lysate lane). DCG-04 -labeled parasite extracts were separated into 0.2% NP-40 soluble and insoluble fractions. Fractions were separated on 15% polyacrylamide gel and visualized by phosphoimaging. (B) Identification of affinity-labeled proteases. Parasite culture (1 liter) was harvested, lysed, and labeled with nonradioactive DCG-04. Probe-labeled proteases were affinity-purified by a single-step affinity purification protocol (9) . Isolated proteases were excised by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and identified by in-gel trypsin digestion followed by mass spectrometry-based sequencing. Targets were identified by database (PlasmoDB) matching of peptide sequences. Cat C, cathepsin C. life cycle of the parasite. This activity profile suggests a primary function for falcipain 1 either in red blood cell rupture or during reinfection of new host red blood cells.
In addition to having a distinct activity profile, falcipain 1 also changed its subcellular location during the late schizont and merozoite stages, as indicated by the appearance of an NP-40 -soluble active form (Fig. 1C, far right lane) . This soluble activity was most abundant in the merozoite stage and absent at the ring stage. During merozoite development, several new subcellular compartments are created that compose the apical organelles. These organelles participate in the process of host cell invasion through a controlled secretion of their contents (20) . Localization of falcipain 1 to specialized compartments such as these may explain its change in detergent solubility. Furthermore, the short-lived, soluble falcipain 1 activity in merozoites could be explained by a mechanism in which active falcipain 1 is secreted during invasion.
To better understand the location and Fig. 2 . Localization of falcipain 1 in merozoites by immunofluorescence imaging. Samples of merozoites were smeared and fixed in 1% paraformaldehyde. The slides were incubated with an antibody to falcipain 1 or with antibodies specific to the rhoptry (RopH2) and microneme (EBA-175) proteins. Nuclei were stained with 4Ј,6-diamidino-2-phenylindole (DAPI). The lack of colocalization indicates that falcipain 1 is found in compartments at the apical end of the merozoite that are distinct from the rhoptries and micronemes. cellular function of falcipain 1, we used immunofluorescence-based localization studies with an antibody generated with a unique, COOH-terminal peptide sequence found in the mature enzyme. Immunoblots confirmed that these antibodies specifically recognized both the mature 26-kD enzyme and the larger proenzyme (21) . The antibodies were then used in immunofluorescence assays of synchronized cultures to visualize the location of falcipain 1. Merozoites stained with an antibody to falcipain 1 revealed punctate staining in distinct vesicular structures at the apical end of the parasite, opposite the nucleus (Fig. 2, left  panels) . This punctate falcipain 1 staining pattern was also observed at the schizont stage, although it was excluded from the area of the food vacuole, further supporting a functional divergence from its close relatives falcipains 2 and 3 (22) . In addition, co-staining was performed with antibodies to the rhoptry protein RopH2 and to the micronemal protein EBA-175, two of three invasion-specific organelles present only in merozoites (Fig. 2, middle panels) . Merging of the two staining patterns indicated that the compartments containing falcipain 1 are distinct from the rhoptries and micronemes, yet localized to the apical end of the merozoite (Fig. 2, right panels) . This unique staining of falcipain 1 implies localization to the third set of apical organelles, the dense granules, or to a subset of these organelles. The complement of subcellular compartments that compose the apical organelles may be more diverse than previously thought, and falcipain 1 might be located in a previously unidentified compartment. Ultimately, falcipain 1 localization to the apical end of the merozoite suggests a potential function in the invasion of red blood cells.
A more definitive analysis of falcipain 1 function requires application of methods that allow inhibition or disruption of its enzymatic activity in live parasite cultures. Gene ablation or knockout techniques have proven difficult in P. falciparum, and deletion of many genes from the haploid genome results in a lethal phenotype. An alternative chemical approach with a selective inhibitor that renders a specific target protease inactive allows dissection of the protease's biochemical function. Such a "chemical genetic" approach allows phenotypic evaluation at specific stages within the life cycle of the parasite.
To identify falcipain 1-specific inhibitors, we screened a positional scanning library of peptidyl epoxides (12, 13) in whole parasite lysates. We generated libraries by fixing a single amino acid residue on a tripeptide inhibitor scaffold while varying the remaining two positions (Fig. 3A) . This method produces a series of sublibraries made up of several hundred compounds, each having a single different fixed amino acid residue (Fig. 3A) . Inhibitor potency and selectivity were assessed by incubation of lysates with each inhibitor sublibrary, followed by reaction with the general cysteine protease activity-based probe 125 I-DCG-04. The potency of specific inhibitor scaffolds was measured as a ratio of the percent residual labeled proteases after inhibitor treatment relative to an untreated control. For analysis, the inhibition data were displayed in a colorimetric format and clustered on the basis of similarities in inhibitor profiles using software for microarray analysis (23) (Fig. 3B) . Several falcipain 1-specific P2 amino acid residues were identified (Fig. 3B , black rectangles) and were used to design a series of specific inhibitors. These optimized inhibitors and a control, inactive P2 glycine-containing inhibitor (Fig. 3B , yellow rectangle), were assayed in parasite extracts over a range of concentrations (Fig. 3C) . The most selective of the resulting inhibitors, YA29-Eps(S,S), showed greater than 25-fold selectivity for falcipain 1 over all other cysteine proteases. Furthermore, at optimal concentrations of 5 to 10 M, we observed selective inhibition of falcipain 1. The compound YAG-Eps(S,S) showed no activity toward any of the protease targets and therefore served as a control for in situ inhibitor studies.
Effects of cysteine protease inhibition in live cultures of P. falciparum were determined by treating parasites with the general papain family protease inhibitor E-64d, with the falcipain 1-specific inhibitor YA29-Eps(S,S), or with the control inhibitor YAG-Eps(S,S) at 40 hours after invasion. After rupture (10 to 12 hours later), the percentage of surviving cells was calculated by counting parasites. As predicted, the control inhibitor YAG-Eps(S,S) had no effect on parasite growth, as measured by a constant number of schizonts and levels of ring-stage parasites comparable to those of dimethyl sulfoxide-treated cultures (Fig.  4A, gray bars, and 4B, left panel) . Inhibition of all papain family proteases with E-64d resulted in a marked decrease in the number of new ring-stage parasites (Fig.  4A, maroon bars) . This decrease was dose dependent and resulted from a block of parasite development at the late schizont stage, as measured by an increase in schizonts. High concentrations of E-64d also induced a massive enlargement of the food vacuole within parasites, which is consistent with previously reported effects of general cysteine protease inhibitors (24 ) (Fig. 4B, middle panel) . In contrast, falcipain 1-specific inhibitors caused a similar dose-dependent decrease in the percentage of new ring-stage parasites (Fig. 4A, blue  bars) , but did not block schizont development and subsequent rupture as indicated by the appearance of merozoites (Fig. 4B,  right panel) . Furthermore, schizont rupture was not affected, as assessed by the constant number of schizonts at all concentrations of falcipain 1-specific inhibitor (Fig.  4A ) and by measurement of the release of the parasitophorous vacuolar protein SERA (serine repeat antigen) (25) . These results suggest that falcipain 1 is not involved in hemoglobin degradation or red blood cell rupture at the end of schizogony, but rather has a specific role in the invasion of red blood cells by extracellular merozoites.
We have shown, using a functional proteomics screen combined with a chemical genetic approach, that falcipain 1 functions during the process of host cell invasion during the erythrocytic cycle of P. falciparum. The primary sequence of falcipain 1 is well conserved across the Plasmodium genus (26) , making it a potentially useful new target for design of therapeutic drugs in all four plasmodial species that cause malaria in humans. Therapeutic agents that are able to specifically prevent or slow the process by which merozoites infect new cells are likely to disrupt the development cycle and allow time for the host immune response to destroy the extracellular parasite.
